The development of parallel and multiplexed sensing platforms for the detection of microRNAs, aptamer--ligands, nuclease activities, or DNA has utmost significance for the detection and progress of diseases,^[@ref1]−[@ref3]^ gene profiling,^[@ref4]^ environmental monitoring,^[@ref5],[@ref6]^ detection of pathogens,^[@ref7]^ and biowarfare agents.^[@ref8]^ Different analytical schemes for the multiplexed electrochemical and optical analysis of targets were reported. For example, bar-coded metal microrods generated in alumina channels were suggested for high-throughput analysis.^[@ref9]^ Graphene oxide^[@ref10]^ or transition metal dichalcogenide nanosheets^[@ref11]^ were applied for the multiplexed fluorescence analysis of genes or aptamer--ligands. Also, the size-controlled luminescence properties of semiconductor quantum dots^[@ref12],[@ref13]^ or metal nanoclusters, such as Ag nanoclusters,^[@ref14],[@ref15]^ were used to develop multiplexed detection schemes. Hybrid conjugates consisting of hemin/G-quadruplex and different-sized semiconductor quantum dots were applied for the multiplexed analysis of genes^[@ref16]^ and aptamer--ligand complexes^[@ref17]^ using chemiluminescence resonance energy transfer (CRET) as the readout signal. Multiplexed electrochemical detection of analytes was achieved by the application of metal nanoparticles^[@ref18]^ or semiconductor nanoparticles^[@ref13],[@ref19],[@ref20]^ as labeling codes for the sensing events. Also, microfluidic electrochemical aptamer-based assays were integrated on chips for the amplified and multiplexed analysis of aptamer--ligand complexes.^[@ref21]^ In addition, DNA machineries such as the hybridization chain reaction^[@ref22]^ or rolling circle amplification process,^[@ref23],[@ref24]^ or the use of multigene DNA scaffolds and polymerization/nicking enzyme machineries, for the autonomous synthesis of DNAzyme-generating specific fluorescent readout signals were used for multiplexed sensing.^[@ref25]^

The rapidly developing area of DNA nanotechnology^[@ref26],[@ref27]^ introduced different nucleic-acid-functionalized nano- and microhybrid carriers, such as nanoparticles,^[@ref28]−[@ref31]^ metal--organic framework particles,^[@ref32]−[@ref35]^ and microcapsules,^[@ref36],[@ref37]^ acting as sense-and-treat systems. Also, the dictated hybridization of complementary nucleic acids led to the assembly of supramolecular nanostructures such as origami systems^[@ref38],[@ref39]^ or oligomerized crossover junction units.^[@ref40],[@ref41]^ The DNA tetrahedron represents a unique three-dimensional nanostructure.^[@ref42]−[@ref44]^ The possibility to modify the corners of the tetrahedron with different chemical functions, such as different fluorophores, and the feasibility to functionalize the edges of the tetrahedron with nucleic acid functionalities, such as stimuli-responsive or DNAzyme units, allow the programmed reconfiguration of the tetrahedron edges.^[@ref45]^ Indeed, these unique properties of DNA tetrahedra nanostructures were used for the development of electrochemical DNA sensors.^[@ref46]^ In addition, DNA tetrahedra nanostructures revealed effective permeation into living cells,^[@ref47],[@ref48]^ and these properties were applied to sense intracellular ingredients,^[@ref49]^ to image cells,^[@ref50]^ and to use the tetrahedron scaffold as a functional unit to amplify miRNA detection in cells.^[@ref51]^

In the present study, we introduce the DNA tetrahedron module as a versatile unit for diverse parallel and multiplexed sensing applications. We describe the engineering of the edges of the tetrahedra with three different fluorophore--quencher pairs and with predesigned hairpin structures and present the use of the tetrahedra as functional modules for the parallel and multiplexed sensing of different analytes. Specifically, we apply the modules for the multiplexed sensing of miRNAs, of enzymes cleaving DNA (endonucleases), and of ligand--aptamer complexes. In addition, the facile permeation of the tetrahedra structures into cells is used for the imaging of MCF-7 and HepG2 cancer cells and their distinction from normal epithelial MCF-10A breast cells by the fluorophore/quencher-functionalized sensing module.

Results and Discussion {#sec2}
======================

MicroRNAs (miRNAs) are short noncoding RNA molecules (21--24 bases) that post-transcriptionally regulate gene expression in various cellular processes.^[@ref52],[@ref53]^ Particularly misregulated expression of miRNAs is closely correlated with cancer development and progression, thus highlighting the importance of detection of miRNAs for clinical diagnostics.^[@ref54]−[@ref56]^[Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"} outlines the assembly of the DNA tetrahedron structure for the multiplexed analysis of three different miRNAs. Three nucleic acid strands, **1**, **2**, and **3**, presented schematically as three quasi-triangle structures, are interhybridized by appropriate base-paired domains, and the resulting supramolecular **1**/**2**/**3** structure is further rigidified by a peripheral strand **4** that hybridizes with the single-strand domains of the quasi-triangle edges of **1**, **2**, and **3**. The interhybridized composite **1**/**2**/**3**/**4** forms the resulting tetrahedron nanostructure, state I. The single-strand quasi-triangle edges of **1**, **2** and **3** are modified at their 3′- and 5′-ends with fluorophore/quencher pairs (for **1**, FAM/BHQ1; for **2**, ROX/BHQ2; for **3**, Cy5/BHQ2). The peripheral rigidifying strand, stabilizing the quasi-triangle-shaped units, includes three hairpin components, H~1~, H~2~, and H~3~, where the stem regions of the hairpins are engineered at spatial positions in proximity to the fluorophore/quencher units associated with the quasi-triangles **1**, **2**, and **3**, respectively. Under these conditions, the fluorophores associated with edges of the DNA tetrahedron are quenched. The hairpins H~1~, H~2~, and H~3~ include, in the loop regions, the recognition sequences for miRNA-21, miRNA-221, and miRNA-155, respectively. The method to use the hairpin-functionalized tetrahedron as a functional scaffold for sensing the three different miRNAs, and particularly for the multiplexed analysis of the miRNAs, is also addressed in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}. Treatment of the rigidified tetrahedron scaffold, state I, with miRNA-21 results in the opening of hairpin H~1~ and the distortion of the scaffold, thus forming state II. The formation of the duplex between H~1~ and miRNA-21 distorts the shape of the H~1~-containing edge, resulting in the spatial separation of the fluorophore/quencher pair (FAM/BHQ1) and the enhanced fluorescence of the FAM (λ = 516 nm). Note that miRNA-21 does not interact with hairpins H~2~ and H~3~, and thus, the fluorescence of the fluorophores in proximity to hairpins H~2~ and H~3~ is not affected. Treatment of the sensing platform with miRNA-221 opens hairpin H~2~ and generates state III, where the fluorophore/quencher pair (ROX/BHQ2) is separated, and the fluorescence of ROX, λ = 600 nm, is intensified. Also, subjecting the sensing platform to miRNA-155 leads to the opening of hairpin H~3~ and to the formation of state IV, where the tetrahedron edge consisting of the fluorophore/quencher pair (Cy5/BHQ2) is stretched. This results in the intensified fluorescence of Cy5, λ = 663 nm. Note that the sensing scaffold, state I, provides a functional nanostructure for the multiplexed analysis of the miRNAs. In the presence of any combination of two miRNAs, or in the presence of all three miRNAs, the respective hairpins are anticipated to be unlocked, leading to the intensified fluorescence of the fluorophores associated with the respective hairpin-modified edges.

![Schematic Multiplexed Analysis of Three Different miRNAs by a Functional DNA Tetrahedra Module](nn0c04031_0009){#sch1}

In the first step, the formation of the intact tetrahedron scaffold, state I, and the association of miRNA-155, miRNA-21, and miRNA-221 were confirmed by electrophoretic separation ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). In lane 1, the band of the quasi-triangle strand **1** is presented. Lanes 2, 3, and 4 show the stepwise construction of the interhybridized structures **1**/**2**, **1**/**2**/**3**, and **1**/**2**/**3**/**4**. The stepwise increase in the molecular weight of the structures leads to slower migration rates. Lanes 5, 6, and 7 depict the bands corresponding to the resulting miRNAs hybridized with the tetrahedron sensing scaffold. It should be noted that the gel electrophoresis shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} demonstrates the intact structure of the tetrahedra modified with each of the miRNA. The electrophoretic studies were further complemented with agarose gel electrophoretic separation, examining the multiplexed detection of the miRNAs ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c04031/suppl_file/nn0c04031_si_001.pdf) and accompanying discussion).

![Agarose gel electrophoresis (2%) analysis of the construction of the tetrahedron sensing modules described in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}. Lane 1, strand **1**; lane 2, duplex strand **1** + **2**; lane 3, Y-shaped structure consisting of strands **1** + **2** + **3**; lane 4, intergrated tetrahedra module composed of **1** + **2** + **3** + **4**; lane 5, intergrated tetrahedra modified with miRNA-21; lane 6, intergrated tetrahedra carrying miRNA-155; lane 7, intergrated tetrahedra carrying miRNA-221.](nn0c04031_0001){#fig1}

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows the selective optical (fluorescence) sensing of the three miRNAs by the sensing scaffold, state I. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A, panel I, shows the fluorescence intensities of FAM before the addition of miRNA-21, curve (a), and after the addition of miRNA-21, 0.2 μM, curve (b). For comparison, curves (c) and (d) show the fluorescence intensities of the sensing platform upon addition of the miRNA-155 and miRNA-221. The fluorescence of FAM is not affected by miRNA-155 and miRNA-221, and the selective intensified fluorescence of FAM is observed upon the miRNA-21-driven unlocking of hairpin H~1~. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A, panel II, shows the fluorescence spectra of FAM upon the treatment of the sensing platform, with different concentrations of miRNA-21. As the concentration of miRNA-21 increases, the fluorescence intensity increases consistently with the enhanced opening of hairpin H~1~ associated with the sensing scaffold. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A, panel III, depicts the calibration curve corresponding to the fluorescence intensities of FAM in the presence of variable concentrations of miRNA-21. The fluorescence intensity of FAM associated with the scaffold levels off at a miRNA-21 concentration corresponding to ∼50 nM. The detection limit for sensing miRNA-21 corresponds to 1 nM. Similarly, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B, panel I, shows the fluorescence spectra of ROX associated with the sensing scaffold in the absence of miRNA-221, curve (a), and in the presence of miRNA-221, 0.2 μM, curve (b). Subjecting the sensing platform to miRNA-221 results in the opening of H~2~ and the formation of the asymmetric tetrahedron, state III, where the fluorophore ROX is spatially separated from the quencher unit. The spatial separation of the fluorophore from the quencher leads to the enhanced fluorescence of ROX. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B, panel I, shows the fluorescence of the fluorophore ROX upon addition of miRNA-21, curve (c), and miRNA-155, curve (d). Only the background fluorescence of the sensing scaffold is observed, implying that the foreign miRNA-21 and miRNA-155 do not interfere or perturb the sensing of miRNA-221. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C, panel I, depicts the fluorescence spectra of Cy5 associated with the tetrahedron sensing platform in the absence of miRNA-155, curve (a), and in the presence of miRNA-155, 0.2 μM, curve (b). The resulting fluorescence of Cy5 generated by the scaffold upon addition of miRNA-155 is consistent with the opening of hairpin H~3~ and the spatial separation of the fluorophore/quencher pair, state IV. As before, subjecting the tetrahedron sensing platform to the foreign miRNA-21 and miRNA-221 does not affect the florescence of Cy5, and only the background fluorescence of Cy5 is observed, curves (c) and (d), respectively. The fluorescence spectra of Cy5 of the sensing platform, in the presence of variable concentrations of miRNA-155, are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C, panel II, and the calibration curve corresponding to the fluorescence intensity of Cy5, in the presence of variable concentrations of miRNA-155, is presented in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C, panel III. As the concentrations of miRNA-155 increase, the fluorescence of Cy5 is intensified, and it levels off to a saturation level at a miRNA-155 concentration of ∼100 nM. The detection limit for sensing miRNA-155 corresponds to 1 nM. The results indicate that the tetrahedron sensing module, state I, allows the parallel selective detection of the three miRNAs.

![Analysis of three miRNAs by the DNA tetrahedron module described in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}. (A) Analysis of miRNA-21. Panel I: fluorescence spectra of FAM (a) in the absence of added miRNA-21, (b) upon the addition of miRNA-21, 0.2 μM, (c) upon addition of miRNA-221, 0.2 μM, (d) upon addition of miRNA-155, 0.2 μM. Panel II: fluorescence changes of FAM upon the addition of variable concentrations of miRNA-21. Panel III: derived calibration curve corresponding to the fluorescence changes of FAM at different concentrations of miRNA-21. (B) Analysis of miRNA-221. Panel I: fluorescence spectra of ROX (a) in the absence of added miRNA-221, (b) upon the addition of miRNA-221, 0.2 μM, (c) upon addition of miRNA-21, 0.2 μM, (d) upon addition of miRNA-155, 0.2 μM. Panel II: fluorescence changes of ROX upon the addition of variable concentrations of miRNA-221. Panel III: derived calibration curve corresponding to the fluorescence changes of ROX at different concentrations of miRNA-221. (C) Analysis of miRNA-155. Panel I: fluorescence spectra of Cy5 (a) in the absence of added miRNA-155, (b) upon the addition of miRNA-155, 0.2 μM, (c) upon addition of miRNA-21, 0.2 μM, (d) upon addition of miRNA-221, 0.2 μM. Panel II: fluorescence changes of Cy5 upon the addition of variable concentrations of miRNA-155. Panel III: derived calibration curve corresponding to the fluorescence changes of Cy5 at different concentrations of miRNA-155.](nn0c04031_0002){#fig2}

The selective fluorescence of the three fluorophores associated with the tetrahedron scaffold suggests that the sensing module could be applied for the multiplexed analysis of the three miRNAs. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} demonstrates the multiplexed analysis of the set of miRNAs. The fluorescence changes observed upon subjecting the sensing module to miRNA-21 and miRNA-155 are presented in panel I. The fluorescence intensities of FAM (reporter for miRNA-21) and Cy5 (reporter for miRNA-155) are intensified, whereas no fluorescence change of ROX (reporter for miRNA-221) is observed. Multiplexed analysis of miRNA-155 and miRNA-221 is reflected by high fluorescence changes of Cy5 and ROX and lack of any fluorescence changes of FAM. In addition, panel III demonstrates the multiplexed analysis of miRNA-221 and miRNA-21. Finally, panel IV depicts the multiplexed analysis of all three miRNAs. In this experiment, the sensing module is subjected to miRNA-155, miRNA-21, and miRNA-221. The fluorescence intensities of FAM, ROX, and Cy5 are intensified, demonstrating that the parallel multiplexed detection of all three miRNAs is, indeed, feasible.

![Multiplexed analysis of the three miRNA targets, miRNA-21, miRNA-221, and miRNA-155 by the DNA tetrahedron sensing module. Panel I: sensing of miRNA-21 and miRNA-155, switches on the fluorescence of FAM and Cy5. Panel II: sensing miRNA-221 and miRNA-155 by the sensing module, switches on the fluorescence of ROX and Cy5. Panel III: sensing miRNA-21 and miRNA-221 by the sensing module, switches on the fluorescence of FAM and ROX. Panel IV: multiplexed sensing of all three miRNAs (miRNA-21, miRNA-221, and miRNA-155), switches on the fluorescence of FAM, ROX, and Cy5. The concentrations of each of the miRNAs in the systems correspond to 0.2 μM.](nn0c04031_0003){#fig3}

Although the DNA tetrahedra structure provides an elegant nanostructure for the multiplexed analysis of miRNAs, one could argue that the same analytical challenge may be demonstrated by other mixtures of sensing probes, such as a mixture of three different hairpins modified with three different fluorophore/quencher pairs. We feel, however, that the applications of an integrated functional tetrahedron nanostructure for the multiplexed parallel analysis of three miRNAs could reveal significant biosensing and imaging advantages due to the easy, high-yield, permeation of the DNA tetrahedra into cells. This is demonstrated in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} with the multiplexed analysis of miRNA-21 and miRNA-155 in two types of cancer cells (*e.g.*, MCF-7 breast cancer cells, HepG2 liver cancer cells), in comparison to normal epithelial breast cells MCF-10A. The MCF-7 cells include the miRNA-21 and miRNA-155 as biomarkers,^[@ref57]^ and the HepG2 cells overexpress miRNA-21.^[@ref58]^ Accordingly, the different cells were treated with the tetrahedra composite shown in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"} that includes three quenched fluorophores, FAM, Cy5, and ROX. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, entry I, shows the bright-field image and confocal fluorescence microscopy images of the MCF-7 cell recorded at the excitation wavelengths of the different fluorophores associated with the tetrahedra. The green FAM fluorescence corresponding to miRNA-21 and red Cy5 fluorescence corresponding to miRNA-155 are observed, and the ROX fluorescence corresponding to miRNA-221 cannot be detected. The merged image (yellow) confirms the generation of the green and red fluorescence by the tetrahedra. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, entry II, shows the bright-field microscopy image, the confocal fluorescence microscopy images at the three emission wavelengths, and the merge image of the HepG2 cells treated with the tetrahedra. Only the green fluorescence of FAM can be detected, and no Cy5 or ROX emission can be observed (merged green image). These results are consistent with the overexpression of miRNA-21 in the HepG2 cells. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, entry III, shows the bright-field microscopy image, the confocal fluorescence microscopy images at the three fluorophore imaging wavelengths, and the merge image of the MCF-10A cells treated with the tetrahedra. No fluorescence of the fluorophore probes associated with the tetrahedra is observed, consistent with the low expression of miRNA-21 or miRNA-155 in the MCF-10A cells (for large-area confocal fluorescence microscopy image of the different cells, see [Figure S2, Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c04031/suppl_file/nn0c04031_si_001.pdf)).

![Bright-field microscopy images, confocal fluorescence microscopy images, and merge images corresponding to the analysis of (entry I) MCF-7 cells, (entry II) HepG2 cells, (entry III) MCF-10A cells treated with the FAM/Cy5/ROX-functionalized tetrahedra. The fluorescence of the three fluorescent probes is imaged through three channels: FAM emission, λ~ex~ = 488 nm; Cy5 emission, λ~ex~ = 640 nm; ROX emission, λ~ex~ = 561 nm. Scale bar: 5 μm.](nn0c04031_0004){#fig4}

The tetrahedron sensing module appears to be a versatile sensing scaffold. By the appropriate engineering of the hairpin units associated with the module, other targets can be analyzed and detected in parallel. [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"} presents the application of the tetrahedron scaffold to analyze enzymes that catalyze the cleavage of DNA. DNA cleavage by endonucleases is not only essential during cellular events and physiological processes, such as DNA replication or repair,^[@ref59]^ but also extensively used as a powerful tool in PCR and molecular cloning.^[@ref60]^ Thus, assaying of endonuclease activities is of significant importance in the fields of molecular biology and clinical diagnosis.^[@ref61],[@ref62]^ As a proof of concept, three endonucleases, *Eco*RI, Nt.BbvCI, and *Hin*dIII, are analyzed in the present study. The sensing module includes, as before, the single strands **1**, **2**, and **3** functionalized with the different fluorophore/quencher pairs, and these are presented as three quasi-triangle structures exhibiting interhybridization domains. The three interhybridized quasi-triangles are rigidified by the peripheral strand **5** that includes, at the edges of the resulting tetrahedron, the hairpins H~4~, H~5~, and H~6~. The hairpins H~4~, H~5~, and H~6~ include duplex stem domains that are cleaved by the respective enzymes. In the rigidified tetrahedron structure, state V, all of the fluorophores exist in a quenched configuration. Subjecting the sensing module to Nt.BbvCI results in the cleavage of the stem region associated with hairpin H~4~. The cleavage of the hairpin associated with the respective edge results in a flexible edge, state VI, where the fluorophore FAM is spatially separated from the quencher unit. This leads to the switching-on fluorescence of FAM. Similarly, the treatment of the tetrahedron module with *Eco*RI leads to the cleavage of the stem domain of hairpin H~5~, and this transforms the H~5~-modified edge into a broken domain where the fluorophore ROX is spatially separated from the quencher, state VII. The flexibility of this edge is anticipated to switch on the luminescence of ROX. In addition, subjecting the sensing module to *Hin*dIII results in the base-specific nicking of one strand of the stem region of hairpin H~6~. The cleavage of the stem strand separates the hairpin and introduces functional flexibility into the H~6~ carrying edge. The separation of the rigidifying strand of this edge leads to a flexible structure of the domain, resulting in the spatial separation of the fluorophore Cy5 from the quencher unit, state VIII. As a result, the fluorescence of Cy5 is switched on.

![Schematic Multiplexed Analysis of Three Different Endonucleases Operating on a DNA Tetrahedra Module](nn0c04031_0010){#sch2}

[Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A, panel I, shows the fluorescence spectra of the sensing module before interaction with Nt.BbvCI, curve (a), and after subjecting the sensing scaffold to Nt.BbvCI, 0.2 U μL^--1^, curve (b). Subjecting the sensing module to Nt.BbvCI leads to the triggered-on fluorescence of FAM, implying that hairpin H~4~ carrying edge was, indeed, cleaved, and the resulting flexibility and accompanied spatial separation of the fluorophore and quencher unit lead to the triggered-on fluorescence of FAM. Panel I, curves (c) and (d), show the effect of added *Hin*dIII or *Eco*RI catalyst, each at a concentration of 0.2 U μL^--1^, on the fluorescence of the fluorophore FAM. The fluorescence intensities of FAM are almost identical to the initial fluorescence intensity of FAM prior to the addition of Nt.BbvCI. Thus, although the addition of *Hin*dIII or *Eco*RI leads to structural transformation at other edges of the tetrahedron (*vide infra*), the fluorescence of FAM stays quenched in the presence of the other two biocatalysts. This indicates that the rigidified structure FAM/quencher is preserved, even though structural perturbations take place on remote edges associated with the tetrahedron structure. That is, the inner Y-shaped hybridization between the quasi-triangle subunits **1**, **2**, and **3** retains the basic skeleton, even though rigidified edges of the tetrahedron are broken. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A, panels II and III, show fluorescence changes of the sensing module upon its challenging with variable concentrations of Nt.BbvCI and the derived calibration curve, respectively. As the concentration of Nt.BbvCI increases, the fluorescence of FAM is intensified, consistent with the enhanced cleavage of the H~4~ carrying edge. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B, panel I, shows the fluorescence intensities of the fluorophore ROX, associated with the hairpin H~5~ carrying edge before treatment with *Eco*RI, curve (a), and after interaction with *Eco*RI, 0.16 U μL^--1^, curve (b). The addition of *Eco*RI results in the increased fluorescence of ROX, consistent with the *Eco*RI-stimulated cleavage of the hairpin H~5~ carrying edge and the accompanying spatial separation between the fluorophore ROX and quencher unit. Treatment of the sensing scaffold with Nt.BbvCI or *Hin*dIII does not affect the fluorescence of ROX, panel I, curves (c) and (d). Thus, although these biocatalysts induce structural transitions on the H~4~- and H~6~-hairpin-carrying edges, the quenched fluorescence of ROX is not affected. These results imply that the interhybridized Y-shaped structure of **1**/**2**/**3** stays intact, even though structural perturbations on the H~4~- or H~6~-haipin-carrying edges proceed. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B, panels II and III, show the fluorescence of ROX upon treatment of the sensing module with different concentrations of *Eco*RI and the derived calibration curve, respectively. The fluorescence intensities of ROX increase as the concentrations of *Eco*RI are elevated, consistent with the enhanced cleavage of the H~5~-carrying edge. The results demonstrate that the fluorescence changes of ROX are selective toward the sensing of *Eco*RI. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C, panel I, shows the fluorescence changes of the sensing module at fluorescence of Cy5 before its treatment with *Hin*dIII, curve (a), and after interaction of the sensing scaffold with the biocatalyst, 2.0 U μL^--1^, curve (b). The fluorescence of Cy5 is intensified, consistent with the cleavage of the tetrahedron edge carrying hairpin H~6~, state VIII. Subjecting the sensing module to the enzymes *Eco*RI or Nt.BbvCI does not affect the fluorescence of Cy5 curves (c) and (d). Thus, although the biocatalysts *Eco*RI and Nt.BbvCI are active in the cleavage of other domains, the fluorescence of Cy5 is not affected, implying that the fluorophore Cy5 is retained in its quenched configuration. Thus, beyond the selective sensing of *Hin*dIII, the results imply that the interhybridization of the Y-shaped domains of **1**/**2**/**3** retains their supramolecular structures. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C, panels II and III, show the fluorescence changes of the Cy5 reporter unit upon challenging the sensing module with different concentrations of *Hin*dIII and the resulting calibration curve, respectively. As the concentration of *Hin*dIII increases, the fluorescence of Cy5 is enhanced, consistent with higher degree of cleavage of the H~6~-carrying edge of the sensing module.

![Analysis of three endonucleases by the DNA tetrahedron module shown in [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}. (A) Analysis of Nt.BbvCI. Panel I: fluorescence spectra of FAM (a) in the absence of added Nt.BbvCI, (b) upon the addition of Nt.BbvCI, 0.2 U μL^--1^, (c) upon addition of *Eco*RI, 0.2 U μL^--1^, (d) upon addition of *Hin*dIII, 0.2 U μL^--1^. Panel II: fluorescence changes of FAM upon the addition of variable concentrations of Nt.BbvCI. Panel III: derived calibration curve corresponding to the fluorescence changes of FAM at different concentrations of Nt.BbvCI. (B) Analysis of *Eco*RI. Panel I: fluorescence spectra of ROX (a) in the absence of added *Eco*RI, (b) upon the addition of *Eco*RI, 0.16 U μL^--1^, (c) upon addition of Nt.BbvCI, 0.16 U μL^--1^, (d) upon addition of *Hin*dIII, 0.16 U μL^--1^. Panel II: fluorescence changes of ROX upon the addition of variable concentrations of *Eco*RI. Panel III: derived calibration curve corresponding to the fluorescence changes of ROX at different concentrations of *Eco*RI. (C) Analysis of *Hin*dIII. Panel I: fluorescence spectra of Cy5 (a) in the absence of added *Hin*dIII, (b) upon the addition of *Hin*dIII, 2 U μL^--1^, (c) upon addition of Nt.BbvCI, 2 U μL^--1^, (d) upon addition of *Eco*RI, 2 U μL^--1^. Panel II: fluorescence changes of Cy5 upon the addition of variable concentrations of *Hin*dIII. Panel III: derived calibration curve corresponding to the fluorescence changes of Cy5 at different concentrations of *Hin*dIII.](nn0c04031_0005){#fig5}

The selective sensing of each of the enzyme-DNA-cleaving biocatalysts by the three-fluorophore-functionalized tetrahedron sensing module, [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}, suggests that the multiplexed analysis of the enzymes should be feasible. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} shows the multiplexed analysis of the three enzymes by the tetrahedron module. Treatment of the sensing module with the two enzymes *Eco*RI and *Hin*dIII results in the fluorescence signals of the H~5~- and H~6~-hairpin-carrying edges corresponding to ROX and to Cy5. No fluorescence of FAM is detected, indicating that the H~4~ hairpin edge reporter is in the caged (quenched) state. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}, panel II, depicts multiplexed analysis of *Eco*RI and Nt.BbvCI by the tetrahedra sensing platform. Treatment of the sensing module with the two enzymes yields the fluorescence of FAM and ROX, yet no fluorescence of Cy5 is observed, implying the H~6~-hairpin-caged fluorophore is retained upon sensing of the two enzymes. Also, [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}, panel III, shows the fluorescence bands of FAM and Cy5 upon sensing *Hin*dIII and Nt.BbvCI. No fluorescence of ROX is observed, indicating that the *Eco*RI-responsive H~5~-caged is retained under these conditions (fluorescence of ROX is quenched). Finally, panel IV depicts the fluorescence features of the tetrahedron sensing module in the presence of all three enzymes. All three fluorescence bands of FAM, ROX, and Cy5 are observed, demonstrating the successful multiplexed analysis of the three enzymes.

![Multiplexed analysis of the three endonuclease, Nt.BbvCI, *Eco*RI, and *Hin*dIII by the DNA tetrahedron module shown in [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}. Panel I: sensing of *Eco*RI and *Hin*dIII, switches on the fluorescence of ROX and Cy5. Panel II: sensing Nt.BbvCI and *Eco*RI by the sensing module, switches on the fluorescence of FAM and ROX. Panel III: sensing Nt.BbvCI and *Hin*dIII by the sensing module, switches on the fluorescence of FAM and Cy5. Panel IV: multiplexed sensing of all three endonucleases: Nt.BbvCI, *Eco*RI, and *Hin*dIII, switches on the fluorescence of FAM, ROX, and Cy5. In all experiments, the concentrations of Nt.BbvCI, *Eco*RI, and *Hin*dIII corresponded to 0.2, 0.2, and 2 U μL^--1^, respectively.](nn0c04031_0006){#fig6}

The generality of the tetrahedron module for the development of multiplexed sensing platforms was further demonstrated by the application of the tetrahedron scaffold for the multiplexed analysis of aptamer--ligands. Aptamers are sequence-specific nucleic acids generated by the SELEX (systematic evolution of ligands by exponential enrichment) process, which recognize low molecular weight substrates, proteins, and even cells.^[@ref63],[@ref64]^ Different optical,^[@ref65],[@ref66]^ electrochemical,^[@ref67]−[@ref69]^ and microgravimetric aptamer--ligand^[@ref70]^ sensing platforms (aptasensors) were developed, and their bioanalytical and biomedical applications, particularly, multiplexed aptasensor configurations, were discussed.^[@ref71],[@ref72]^[Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"} shows the development of tetrahedron sensing module for the parallel detection of an aptamer--ligand. The tetrahedron core consists of the triangle strands **1**/**2**/**3** and the long-strand **6** rigidifying the tetrahedron structure, state IX. The peripheral rigidifying strand **6** includes single-strand domains *x*, *y*, and *z*, and these are further hybridized with auxiliary strands *x*′, *y*′, and *z*′. This hybridization pattern yields a rigidified tetrahedron structure. Nonetheless, in contrast to the previous sensing modules that included fluorophore-quenched edges due to the proximity position of the fluorophore--quencher pairs, dictated by the peripheral rigidifying strand, in the present sensing module, the long and rigid duplex domains *x*/*x*′, *y*/*y*′, and *z*/*z*′ force the fluorophore--quencher pairs into spatially separated positions. Thus, the sensing module exhibits the selectively separated fluorescence bands of FAM, ROX, and Cy5, associated with the respective edges of the rigidified tetrahedron. The strands *x*′, *y*′, and *z*′ correspond to anti-ATP--aptamer, anti-VEGF--aptamer, and antithrombin aptamer, respectively. The parallel sensing principle of the different ligands is also detailed in the [Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"}. In the presence of the ATP, the strand *x*′ is displaced in the form of the aptamer--ATP complex. The resulting single-strand *x* is pre-engineered to reconfigure after the displacement of *x*′ into the hairpin structure H~7~. The rigidification of the hairpin structure leads then to the forced proximity between the fluorophore and quencher on the H~7~-carrying edge, resulting in the fluorescence quenching of FAM, state X. Similarly, subjecting the sensing module to VEGF leads to the displacement of *y*′, through the formation of the aptamer--VEGF complex, state XI. This results in the reconfiguration of the single-strand domain into the hairpin H~8~. This leads to the close proximity between fluorophore (ROX) and the quencher, resulting in the quenching of the fluorophore. In addition, subjecting the sensing module to thrombin leads to the displacement of strand *z*′ through the formation of the aptamer--thrombin complex, state XII. The reconfiguration into the hairpin structure, H~9~, where the fluorophore (Cy5) and quencher are forced into close proximity that leads to effective quenching of the fluorophore, state XII. Note that the sensing of the respective ligands involves a negative fluorescence readout.

![Schematic Multiplexed Analysis of Three Aptamer--Ligands: Ligands = ATP, VEG,F and Thrombin by Tetrahedron Module (Note the Sensing Processes Are Accompanied by a Fluorescence Decrease, in Contrast to Previous Systems)](nn0c04031_0011){#sch3}

[Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} depicts the parallel analysis of the three ligands by the tetrahedron scaffold. [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}A, panel I, shows the fluorescence features of the sensing module at FAM fluorophore emission before addition of ATP, curve (a), and after the addition of ATP, 4 mM, curve (b). The fluorescence of FAM is quenched, consistent with the separation of the ATP--aptamer and the reconfiguration of the H~7~-carrying hairpin on the edge of the tetrahedron, state X. [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}A, panel II, shows the fluorescence intensities of FAM upon the addition of variable concentrations of ATP. As the concentrations of ATP increase, the quenching degree of the fluorescence of FAM is enhanced, consistent with the higher degree of the reconfigured H~7~-carrying edge, state X. It should be noted that the addition of either thrombin or VEGF to the tetrahedron sensing module does not have any effect on the fluorescence of FAM, even though their ligands have an effect on the reconfiguration of other domains of the tetrahedron module (see [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c04031/suppl_file/nn0c04031_si_001.pdf)). [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}B, panel I, shows the fluorescence of ROX associated with the sensing module before the addition of VEGF, curve (a), and after the addition of VEGF, 5 μM, curve (b). The fluorescence of ROX is quenched, consistent with the reconfiguration of the sensing module in state XI, where the dissociation of the anti-VEGF--aptamer resulted in the reconfiguration into the H~8~ tetrahedron carrying the H~8~-hairpin-modified edge. The addition of ATP or thrombin to the sensing module has no effect on the fluorescence of ROX, indicating that the fluorescence quenching is specific to the VEGF analyte (see [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c04031/suppl_file/nn0c04031_si_001.pdf)). [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}B, panel II, shows the gradual fluorescence changes of ROX upon increasing the concentrations of VEGF. As the concentrations of VEGF increase, the fluorescence quenching is enhanced. [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}B, panel III, reveals the derived calibration curve for the analysis of VEGF by the tetrahedron sensing module. [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}C, panel I, shows the fluorescence changes of Cy5 associated with the sensing module before treatment with thrombin, curve (a), and after treatment with thrombin, 1 μM, curve (b). The interaction of the sensing scaffold with thrombin leads to the quenching of Cy5, consistent with the displacement of the antithrombin aptamer from the module and the reconfiguration of the domain *z* into the hairpin H~9~, where the fluorophore Cy5 and the quencher units are forced into close proximity, state XII. The fluorescence of Cy5 is not affected by the addition of ATP or VEGF to the sensing scaffold, indicating that the observed changes in the fluorescence of Cy5 are specific to the formation of the thrombin--aptamer complex (see [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c04031/suppl_file/nn0c04031_si_001.pdf)). [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}C, panels II and III, show the fluorescence changes upon treatment of the sensing module with variable concentrations of thrombin and the derived calibration curve, respectively. The changes in the fluorescence intensities increase as the concentrations of thrombin are elevated.

![Analysis of three aptamer--ligands by the DNA tetrahedron module shown in [Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"}. (A) Sensing of ATP by the DNA tetrahedron module. Panel I: fluorescence spectra of FAM before addition of ATP (a) and after the addition of ATP, 4 mM (b). Panel II: fluorescence changes of FAM upon interaction with different concentrations of ATP. Panel III: derived calibration curve corresponding to the fluorescence changes of FAM in the presence of variable concentrations of ATP. (B) Sensing of VEGF by the DNA tetrahedron module. Panel I: fluorescence spectra of ROX before addition of VEGF (a) and after the addition of VEGF, 5 μM (b). Panel II: fluorescence changes of ROX upon interaction with different concentrations of VEGF. Panel III: derived calibration curve corresponding to the fluorescence changes of ROX in the presence of variable concentrations of VEGF. (C) Sensing of thrombin by the DNA tetrahedron module. Panel I: fluorescence spectra of Cy5 before addition of thrombin (a) and after the addition of thrombin, 1 μM (b). Panel II: fluorescence changes of Cy5 upon interaction with different concentrations of thrombin. Panel III: derived calibration curve corresponding to the fluorescence changes of Cy5 in the presence of variable concentrations of thrombin.](nn0c04031_0007){#fig7}

The specific fluorescence changes transduced by the tetrahedron module in response to the respective ligands (thrombin, ATP, VEGF) were then applied to demonstrate the multiplexed analysis of the ligands ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}). Treatment of the sensing scaffold with VEGF and thrombin results in the complete quenching of the fluorophore ROX and Cy5, whereas only a minute change in the fluorescence of FAM is observed ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}, panel I). The results are consistent with the VEGF- and thrombin-driven displacement of the strand *y*′ and *z*′ in the form of the respective ligand--aptamer complexes and the reconfiguration of the hairpins H~8~ and H~9~ on the respective edges, leading to the effective quenching of ROX and Cy5. Under these conditions, the tetrahedron edge containing the *x*/*x*′ duplex is unaffected, resulting in the FAM fluorescence intensity characteristic to the parent tetrahedron. Similarly, subjecting the sensing module to the ligands ATP and thrombin leads to the quenching of the fluorescence of FAM and Cy5, whereas the fluorescence of ROX is unaffected. These results are consistent with the displacement of the strand *x*′ (by ATP) and of strand *z*′ (by thrombin) and the reconfiguration of the tetrahedron into the H~7~- and H~9~-hairpin-carrying edges. Also, [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}, panel III, shows the quenching fluorescence of FAM and ROX upon sensing ATP and VEGF. No fluorescence change of Cy5 is observed, indicating that the tetrahedron edge containing the *z*/*z*′ duplex is unaffected. Finally, the sensing module interacted with all ligand--analytes here ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}, panel IV). All three fluorophore labels are quenched, demonstrating the multiplexed analysis of the three aptamer--ligand complexes.

![Multiplexed analysis of the three aptamer--ligands, ATP, VEGF, and thrombin by the DNA tetrahedron module shown in [Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"}. Panel I: sensing of VEGF and thrombin, switches off the fluorescence of ROX and Cy5. Panel II: sensing ATP and thrombin by the sensing module, switches off the fluorescence of FAM and Cy5. Panel III: sensing ATP and VEGF by the sensing module, switches off the fluorescence of FAM and ROX. Panel IV: multiplexed sensing of all three aptamer--ligands: ATP, VEGF, and thrombin, switches off the fluorescence of FAM, ROX, and Cy5.](nn0c04031_0008){#fig8}

Conclusion {#sec3}
==========

The study has introduced a versatile sensing module consisting of a DNA tetrahedron for the parallel and multiplexed analysis of different targets. In the present study, we engineered sensing modules for miRNAs, DNA-cleaving enzymes, and aptamer--ligands. These concepts can be, however, extended to other analytes, such as genes or metal ions. In the present study, we applied three fluorophores as the transducers of the parallel and multiplex analysis of the different analytes. By designing tetrahedra structures modified with other fluorophores and generating mixture of tetrahedra, the design of parallel and multiplexed sensing platforms of enhanced complexities may by envisaged. The facile permeation of the tetrahedra structure into cells was successfully applied to image MCF-7 and HepG2 cancer cells and their discrimination from the normal epithielial breast cell, MCF-10A, by a single sensing module.

Experimental Section {#sec4}
====================

Preparation of the DNA Tetrahedron Module {#sec4.1}
-----------------------------------------

For miRNA detection, four oligonucleotide strands including **1**, **2**, **3**, and **4**, 1 μM each was mixed in Tris-borate-EDTA (0.5× TBE) buffer containing 50 mM MgCl~2~, heated to 95 °C for 3 min, and then immediately cooled to 4 °C within 1 min. For enzyme detection, four oligonucleotide strands including **1**, **2**, **3**, and **5**, 1 μM each was mixed in 1× NEBuffer 2 (10 mM Tris, 20 mM MgCl~2~, 50 mM NaCl, 1 mM DTT and pH 7.9), heated to 95 °C for 3 min, and then immediately cooled to 4 °C within 1 min. For aptamer--ligand detection, seven oligonucleotide strands including 1 μM of **1**, **2**, **3**, **6** and 1.5 μM of *x′y*′, and *z*′ were mixed in 1× NEBuffer 2 (10 mM Tris, 20 mM MgCl~2~, 50 mM NaCl, 1 mM DTT and pH 7.9), heated to 95 °C for 3 min, and then immediately cooled to 4 °C within 1 min.

Fluorescence Analysis {#sec4.2}
---------------------

For detection of miRNAs, different concentrations of miRNAs were added to 100 μL of Tris-borate-EDTA (0.5× TBE) buffer solution (50 mM MgCl~2~) containing 100 nM DNA tetrahedron module, followed by incubation for 5 min at room temperature. For detection of enzymes, different concentrations of enzymes were added to 200 μL of 1× NEBuffer 2 (10 mM Tris, 10 mM MgCl~2~, 50 mM NaCl, 1 mM DTT and pH 7.9), containing 90 nM DNA tetrahedron module, followed by incubation for 12 h at room temperature. For detection of aptamer--ligands, different concentrations of aptamer--ligands were added to 200 μL of 1× NEBuffer 2 (10 mM Tris, 10 mM MgCl~2~, 50 mM NaCl, 1 mM DTT and pH 7.9), containing 90 nM DNA tetrahedron module, followed by incubation for 30 min at room temperature.

Cell Culture {#sec4.3}
------------

Human breast cancer cells (MCF-7) were grown in 5% CO~2~ RPMI-1640 medium supplemented with 10% FCS, [l]{.smallcaps}-glutamine, and antibiotics (Biological Industries). Human liver cancer cell line (HepG2) were grown in 5% CO~2~ DMEM medium supplemented with 10% FCS, [l]{.smallcaps}-glutamine, and antibiotics (Biological Industries). Normal breast cells (MCF-10A) were maintained in complete growth medium consisting of 1:1 mixture of Dulbecco's modified Eagle's medium and Ham's F12 medium supplemented with horse serum (5%), epidermal growth factor (20 ng/mL), cholera toxin (CT, 0.1 μg/mg), insulin (10 μg/mL), hydrocortisone (500 ng/mL), and penicillin/streptomycin (1 unit/mL). Cells were plated 1 day prior to the experiment on a μ-slide 4-well glass bottom dish (ibidi) for confocal microscopy.

Confocal Microscopy Measurements {#sec4.4}
--------------------------------

For cell imaging experiments, cells were planted on a μ-slide 4-well glass bottom dish (ibidi). Cells were incubated with the DNA tetrahedron nanostructures after being washed with phosphate-buffered saline. The three samples of DNA tetrahedra (300 nM) were incubated with cells for 5 h and then washed with DMEM/Hepes twice and replenished with the fresh medium for the measurement. The fluorescence of tetrahedra in cells was monitored with an Olympus FV3000 confocal laser scanning microscope, and all images were analyzed with ImageJ.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsnano.0c04031](https://pubs.acs.org/doi/10.1021/acsnano.0c04031?goto=supporting-info).Nucleic acid sequences, materials, measurement methods, agarose gel for multiplex detection of miRNAs, large-area confocal fluorescence images, and additional fluorescence spectra of aptamer--ligand detection ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c04031/suppl_file/nn0c04031_si_001.pdf))
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